The classical GTP hydrolysis mechanism, as seen in Ras, employs a catalytic glutamine provided in cis by the GTPase and an arginine supplied in trans by a GTPase activating protein (GAP). The key idea emergent from a large body of research on small GTPases is that GTPases employ a variety of different hydrolysis mechanisms; evidently, these variations permit diverse rates of GTPase inactivation, crucial for temporal regulation of different biological processes. Recently, we unified these variations and argued that a steric clash between active site residues (corresponding to positions 12 and 61 of Ras) governs whether a GTPase utilizes the cis-Gln or the trans-Gln (from the GAP) for catalysis. As the cis-Gln encounters a steric clash, the Rab GTPases employ the so-called dual finger mechanism where the interacting GAP supplies a trans-Gln for catalysis. Using experimental and computational methods, we demonstrate how the cis-Gln of Rab33 overcomes the steric clash when it is stabilized by a residue in the vicinity. In effect, this demonstrates how both cis-Gln-and trans-Glnmediated mechanisms could operate in the same GTPase in different contexts, i.e. depending on the GAP that regulates its action. Interestingly, in the case of Rab5, which possesses a higher intrinsic GTP hydrolysis rate, a similar stabilization of the cis-Gln appears to overcome the steric clash. Taken together with the mechanisms seen for Rab1, it is evident that the observed variations in Rab and their GAP partners allow structural plasticity, or in other words, the choice of different catalytic mechanisms.
Introduction
GTPases are the chief regulators of a number of processes central to cellular dynamics. This regulation is a consequence of the GTP hydrolysis reaction catalyzed by a G-domain, present in all GTPases. The G-domain alternates between two conformational variants -a GTP-bound ON state and a GDP-bound OFF state [1] . In the ON state, GTPases interact with effector proteins to trigger a biological event, whereas in the OFF state these interactions are abolished. The Gdomain provides the key motifs -G1 (or P loop), G2 (or Switch I), G3 (or Switch II) and G4 -that provide residues required for specifically binding and hydrolyzing GTP. However, the intrinsic hydrolysis by most GTPases is slow and an additional factor, called GTPase activating protein (GAP), accelerates the hydrolysis rate [2] [3] [4] [5] [6] [7] [8] . GAPs are therefore essential modulators that facilitate the rapid switching of a GTPase from the ON to the OFF state. Similarly, there is another class of effector proteins, called the guanine exchange factors (GEF) , that aid in the efficient exchange of GDP for GTP, thereby switching the GTPase from the OFF back to the ON state [4] [5] [6] [7] [8] .
This cycle of hydrolysis and exchange drives the biological function of the GTPase, and understandably, the rates of hydrolysis and exchange are intimately associated with the regulation of the relevant biological step.
In the context of GTP hydrolysis, two catalytic elements are of the utmost importance: a catalytic residue (CR) and a transition state stabilizer (TSS). In the case of the Ras, Rho and Ran families and the Ga subunit of the heterotrimeric G proteins, CR is a highly conserved glutamine provided 'in cis' (i.e. by the same protein) from Switch II of the respective G domains [8] [9] [10] [11] . This catalytic glutamine is hereafter called the cis-Gln. The significance of glutamine in catalysis is well established and its replacement by a hydrophobic residue renders the GTPase constitutively active, which is also the cause for the oncogenic nature of the Q61 mutants of Ras [9] . The second important catalytic element is the TSS, whose role is in stabilizing the transition state by neutralizing the developing negative charge on the b-phosphate of GTP. Predominantly, an Arg residue provided 'in trans' (i.e. by an interacting protein) by the GAP plays the role of TSS. This arginine residue is hereafter called the trans-Arg.
For long, the GTP hydrolysis mechanism, wherein a cis-Gln residue acts as CR and a trans-Arg acts as TSS, was considered universal to all GTPases (herein, different 'mechanism' means different arrangement of the catalytic residues around the substrate forming the overall catalytic machinery). Subsequently, intriguing variations in this mechanism were noted [11] [12] [13] . The most prominent among these were found in a subset of small GTPases called the hydrophobic amino acid substitution (HAS) GTPases -GTPases that naturally possess a hydrophobic residue in place of the cis-Gln [14] [15] [16] [17] [18] [19] [20] . These apart, a subset of Rab family GTPases have a distinct mechanism compared with classical enzymes; in Rabs, even though a cis-Gln is present, it is not utilized for catalysis. Instead, a glutamine side chain is supplied in trans (hereafter called trans-Gln) by a RabGAP that plays the role of a CR [12] .
In a previous study, we have classified the GTP hydrolysis mechanisms into groups based on the nature and source of catalytic elements involved in the reaction [21] . We also rationalized how these variations arise. We argued that the choice of CR, i.e. whether a cis-Gln or a trans-Gln is employed for catalysis, is governed by the presence or absence of a steric clash between two specific active site residues, whose positions are equivalent to 12th and 61st position in Ras [21] . Briefly, if the 12th position is occupied by a residue with a side chain (i.e. other than glycine), then there will be a steric clash with the cis-Gln at the 61st position, which thereby prevents the cis-Gln from attaining a catalytically active orientation. In such a case, an alternate trans-Gln residue may be utilized for catalysis; a typical example of such a scenario is the Rab33 system [12] .
Recent studies on Rab GTPases have uncovered that each Rab may have multiple RabGAP partners; each of these Rab:RabGAP complexes is relevant to a specific cellular context [22] . A recent paper by Langemeyer et al. [23] highlighted that variation and plasticity among various Rab members, and their cognate GEF and GAP partners, affect the activation and inactivation of Rabs. They demonstrated that not only the trans-Gln but also the cis-Gln of Rab GTPases plays a significant role in GAP-mediated GTP hydrolysis. These observations led us to revisit the concept of spatial (in)compatibility in connection with the variations observed within the Rab GTPase family. Using the Rab33:Gyp1p system and appropriate mutants, we show how the Rab33:Gyp1p system can be reengineered to use the cis-Gln, instead of the trans-Gln, as the CR. We also find that the steric factors work simultaneously with stabilizing interactions, to ultimately give rise to structural plasticity in Rab proteins. We now identify that structural plasticity allows a particular Rab to adopt more than one hydrolysis mechanism, and this depends on the interacting GAP partner. All of these have important implications in Rab:RabGAP-mediated cellular regulation.
Results and Discussion
Engineered Rab33-Gyp1p utilizes cis-Gln as the catalytic residue We chose Rab33:Gyp1p for the present study as this system has already been experimentally investigated; the concept of a 'dual finger' mechanism, where both CR and TSS are provided in trans by the GAP, Gyp1p, was first proposed based on the Rab33:Gyp1p crystal structure [12] . Applying the theory of spatial incompatibility, it can be reasoned that Rab33 does not utilize the cis-Gln (Q92
Rab33
; at position 61) for catalysis, because the bulky side chain of S42 Rab33 (at position 12) would pose a steric hindrance to cis-Gln, hindering it from occupying a catalytically competent position [21] . Consequently, a trans-Gln (Q378
Gyp1p
) is supplied by Gyp1p, from a direction that causes the least (or no) hindrance (Fig. 1A) . As a preliminary test, we generated a mutant, Rab33-S42G, and measured its intrinsic GTP hydrolysis rate. We reasoned that mutating the serine to glycine should, in principle, relieve the steric clash and allow the cis-Gln to participate in catalysis; this should result in a higher hydrolysis rate. Figure 1B clearly depicts that GTP hydrolysis, indicated as phosphate released with time, is significantly higher in the case of Rab33-S42G as compared with Rab33-WT and Rab33-Q92A. Further, the hydrolysis reaction in the case of Rab33-S42G acquires saturation within the time frame of the experiment and is therefore fitted with a first-order kinetics curve to obtain the rate constant. However, the GTPase activities of Rab33-WT and Rab33-Q92A are linear along the assay time frame and hence zero-order kinetics has been assumed to obtain the rate constants. These rate constants for the respective reactions were calculated and tabulated in Table 1 . We have also calculated the apparent rate constant, k app (Table 1) , for comparison. The k app values indicate that the GTP hydrolysis activity of Rab33-S42G is one order of magnitude higher compared with Rab33-WT and Rab33-Q92A.
Next, we proceeded to generate various mutants of the Rab33:Gyp1p system and measure their GAPmediated GTP hydrolysis rates, in order to assess (a) the effect of the mutations on hydrolysis rates and (b) whether Rab33:Gyp1p uses the cis-Gln for hydrolysis; the kinetic parameters of the wild-type and mutant systems are tabulated in Table 2 . The cis-Gln mutant Rab33-Q92A:Gyp1p-WT was expected to be equivalent to the Rab33WT:Gyp1p-WT system as Q92 Rab33 (the cis-Gln) is not expected to participate in catalysis. In agreement, GTPase activity of this mutant (k cat is 7.6 AE 0.2 s À1 in Fig. 2E ) is comparable to that of the Rab33-WT:Gyp1p-WT system (k cat is 7.28 AE 0.2 s
À1
in Fig. 2A ). Further, as anticipated, another mutant system, Rab33-Q92A:Gyp1p-Q378A -where both cis and trans-Gln, Q92 Rab33 and Q378
Gyp1p
, respectively, are mutated to alanines -showed insignificant activity (Fig. 2F) . Going by the theory of spatial (in)compatibility, mutating the residue at the 12th position, i.e.
S42
Rab33 to glycine, should remove the steric clash and allow the cis-Gln to catalyze the GTP hydrolysis reaction. However, we observed that mutating just the S42 Rab33 residue (Rab33-S42G:Gyp1p-WT) shows poor GTP hydrolysis rates (see plot in Fig. 2D ). This is perhaps due to the presence of two competing Gln residues -one supplied in cis (Q92
Rab33
) and another (Fig. 1B) . Hydrolysis reaction of Rab33-S42G acquired saturation within the time frame of the experiment and fitted to first-order decay kinetics. Rab33-WT and Rab33-Q92A failed to acquire saturation in the time frame of the assay and followed zero-order kinetics. The rate constants of the respective reactions are calculated accordingly (see 'Materials and methods' and note the units). ). We reasoned that both residues perhaps interfere with each other, and diminish their catalytic function. Therefore, to remove this interference, we mutated the trans-Gln in the background of the S42 mutation and generated the system Rab33-S42G:Gyp1p-Q378A. Here, we anticipated that in the absence of the trans-Gln (Q368
Protein

Gyp1p
) and the bulky serine residue, the cis-Gln residue would be effectively employed for catalysis. In line with this, the system demonstrated GTP hydrolysis (k cat is 5.3 AE 0.1 s À1 in Fig. 2C ). In addition, as a control, we also tested Rab33-WT:Gyp1p-Q378A. This control was expected to be inactive because S42 Rab33 in this system would cause a steric clash with the cis-Gln, Q92 Rab33 . Surprisingly, it exhibited significant GTPase activity (k cat is 4.4 AE 0.11 s À1 in Fig. 2B ). This activity was intriguing and therefore further studies were aimed at explaining this phenomenon. On the one hand, Rab33-S42G:Gyp1p-Q378A clearly demonstrates that the concept of spatial (in)-compatibility is a key determinant of the catalytic mechanism and the cis-Gln can be utilized for hydrolysis. On the other hand, the control system Rab33-WT: Gyp1p-Q378A displays significant activity, which cannot be explained by the theory of spatial (in)compatibility. Since the activity shown by the mutant Rab33-WT:Gyp1p-Q378A was unexpected, we compared the activities of the mutants with those reported previously. Interestingly, the activity seen for the mutant Rab33-WT:Gyp1p-Q378A is in disagreement with a previous report by Pan et al. [12] . They reported a~270 times decrease in the activity of the Rab33-WT:Gyp1p-Q378A system, compared with the wild-type Rab33-WT:Gyp1p-WT system. This is further intriguing, since the kinetic parameters for other mutant systems (Rab33-WT:Gyp1p-WT and Rab33-Q92A:Gyp1p-WT) agree very well with our data (Table 3) . We had employed radioactive GTP based assays in our study, while a colorimetric assay was employed to detect free phosphates in the previous study by Pan et al. [12] . To further substantiate these data, we additionally performed independent colorimetric assays using the Malachite Green method.
These too yielded similar results to the radioactive assays (Fig. 3) . While we do not understand the discrepancy with the previous report, results from two different assays converge to the same catalytic behavior for all the mutants and thereby validate our data. Nevertheless, the unexpected activity of the control Rab33-WT: Gyp1p-Q378A system is intriguing and further experiments were designed to explain how the cis-Gln or trans-Gln functions despite the steric clash from S42
Rab33
.
cis-Gln can be stabilized in a catalytically competent position despite the steric clash How does Rab33-WT:Gyp1p-Q378A hydrolyze GTP? Since the trans-Gln Q378 Gyp1p is not available, it can be surmised that the cis-Gln is the most likely candidate, or perhaps other plausible residues come into play. In resolving this, a recently determined transition state structure of another Rab family member, Rab1b bound to LepB, holds prominence. The Rab1b:LepB system is unique because unlike typical Rab:RabGAPs it does not use the trans-Gln but the cis-Gln for catalysis (Fig. 4A ). This mechanism is comparable to the classic GTP hydrolysis mechanism utilized by Ras:Ras-GAP. The difference, however, is that in the classic Ras mechanism the 12th position is a glycine, and its replacement by a non-glycine residue causes a steric hindrance to the cis-Gln. In contrast, in the Rab1b: LepB system, the cis-Gln (Q67 Rab1b ) can function effectively although the 12th position is a serine (S17 Rab1b ) [24] . This non-canonical Ras-like mechanism seems to be insensitive to the identity of the residue at position 12 (i.e. glycine/non-glycine). Comparing the Rab1b-LepB system with the Ras-RasGAP system, we find that the cis-Gln (and trans-Arg) in both structures occupy similar three-dimensional positions relative to GTP (Fig. 4B) . However, there is a slight difference in the orientation of the carbamoyl moiety of the glutamine residues. The superposition indicates a possible steric clash between the Q61 Ras and S17 Rab1b , suggesting that Q67
Rab1b cannot attain an orientation comparable to that of Q61 Ras in the presence of S17 Rab1b . This subtle difference in the orientations of Q67 Rab1b LepB , in Rab1b:LepB is mutated to alanine. To obtain a molecular level insight as to whether the H-bond is necessary to hold the cis-Gln in a catalytically competent position, we first performed molecular dynamics (MD) simulations on the Rab1b: LepB system to assess the stability of the cis-Gln side chain in the presence and absence of stabilizing interaction from E449 LepB . It is not possible to derive direct conclusions regarding the effect of the H-bonding on catalysis without rigorous quantum mechanics/molecular mechanics studies. However, simulations demonstrating a complete destabilization of the cis-Gln side chain in the absence of the hydrogen bond suggest that a hydrogen bond-mediated stabilization of the cis-Gln residue in a catalytically competent position could be relevant in the context of GTP hydrolysis. Figure 4C , D depicts hydrogen bond-mediated stabilization of the catalytic cis-Gln by the residue E449A (from LepB) and its destabilization in the case of the mutant LepB-E449A. The same is evident from Fig. 5 ; here the root mean square deviation (RMSD) plot for the side chain atoms of Gln67 (the cis-Gln) depicts its destabilization in the case of the mutant system (Fig. 5B) . In contrast, the Arg444 residue remains stable in the case of both the wild-type and the mutant (Fig. 5C) .
Further, in order to predict the catalytic potential of cis-Gln (Gln67) in Rab1b:LepB and its mutant, the distance between the OE1 atom of Gln and OG1 of the c-phosphate moiety was plotted. The position of a catalytic residue relative to the substrate is critical in determining its ability to catalyze the reaction. We reasoned that the ability of the catalytic Gln to participate in GTP hydrolysis depends on maintaining an optimal distance from the c-phosphate moiety. Thus, it can serve as a good indicator of the catalytic potential of the Gln residue. Analysis of the available transition state structures of GTPases reveal that the distance between the critical side chain carbonyl oxygen (OE1) and any atom of the c-phosphate moiety should lie within a range of 4.0 AE 0.5 A and any significant deviation would indicate that the Gln cannot act as an effective catalytic residue. These plots show that the distance between the two atoms was stable at 4.0 A in both wild-type systems whereas in the case of the mutants the distance increases by more than 2.0 A (Fig. 5D) .
We therefore reasoned that a similar hydrogen bond could stabilize the cis-Gln in Rab33-WT:Gyp1p-Q378A. In the wild-type Rab33:Gyp1p system, Table 3 . A comparison of the kinetic parameters determined in our study with previously reported values (Pan et al. [12] ). The kinetic parameters that agree with the previously reported values are marked in bold.
Rab33:Gyp1p
Our study Previous study 
D340
Gyp1p stabilizes the trans-Gln, Q378
Gyp1p
, via a H-bond (Fig. 1A) . In the case of the control (Rab33-WT:Gyp1p-Q378A), we speculated that in absence of Q378 Gyp1p , D340
Gyp1p would instead provide a similar H-bond to stabilize the cis-Gln, Q92
Rab33
, and thereby position it in a catalytically competent orientation. To test this possibility, we conducted MD simulations on the control Rab33-WT:Gyp1p-Q378A. Further, a second mutation, D340A, was also introduced -this double-mutant system Rab33-WT:Gyp1p-Q378A,D340A was expected to show destabilization of Q92 Rab33 in the absence of the H-bond by D340 Gyp1p . In the input structure for both simulations, Q92
Rab33 was modelled in an orientation akin to the active conformation of Q61 Ras in the Ras:RasGAP system (Fig. 1A) . Figure 6A ,B depicts the trajectory of the short simulations performed on the two systems. In the case of Rab33-WT:Gyp1p-Q378A, Q92
Rab33 is seen to be stabilized by D340
Gyp1p supplied by Gyp1p, whereas in the case of the double mutant Rab33-WT:Gyp1p- 
Q378A,D340A, Q92
Rab33 is indeed destabilized. This is evident from the side chain RMSD plots for Q92 Rab33 (Fig. 6C) and plots depicting the distance between the carbonyl oxygen of Q92 Rab33 and the c-phosphate of GTP (Fig. 6D) . In order to validate this experimentally, we created the same double mutant Gyp1p-Q378A,D340A and compared the GTPase activities of Rab33-WT:Gyp1p-Q378A,D340A with Rab33-WT: Gyp1p-Q378A. In line with the MD simulations, GTP hydrolysis of Rab33-WT:Gyp1p-Q378A,D340A was insignificant (Fig. 7) . Using CD spectroscopy, we also ensured that the structure of Gyp1p was not affected due to the mutations Q378A or D340A (Fig. 7D) .
These studies illustrate how Rab33 can utilize a second mechanism via the cis-Gln Q92, by effectively stabilizing the side chain in a catalytically competent position due to the H-bond provided by D340 of the GAP. This is reminiscent of Rab1b GTPase, which uses a trans-Gln together with the GAP TBC1D20 [26] and uses the cis-Gln with LepB (Fig. 8) . In both of these, the catalytic glutamines are stabilized via a Hbond. Overall, it is clear from these results that steric factors and stabilizing polar interactions work simultaneously to give rise to structural plasticity such that a different mechanistic framework is employed by different Rab:RabGAP pairs.
Rab5a might also employ two different hydrolysis mechanisms
Generally, Rabs have a low intrinsic GTP hydrolysis rate, although the rate constants vary by more than 20-fold among various Rab members [27] . A majority of Rab members possess a non-glycine residue (usually serine/threonine) at the 12th position, which occludes the effective positioning of the catalytic Gln (61st position) at the active site. Among these, Rab5a exhibits a higher intrinsic GTP hydrolysis rate compared with many other Rab GTPases [27] . We therefore sought to examine how Rab5a accomplishes this; for this, we chose Rab5a from Plasmodium falciparum (Pf-Rab5a) as a candidate.
A close analysis of a homology model of Pf-Rab5a, modelled on the available transition state analogue structure of human Rab5a (see 'Materials and methods'), reveals that although a serine residue (S15) is present at the 12th position, the likely steric clash with the Q65 (corresponding to the 61st position) seems to be prevented due to a hydrogen bond provided by a threonine residue (T37) from the Switch I region of the GTPase itself (and not from a GAP as in the case of Rab33 and Rab1b systems) (Fig. 9A) . We hypothesized that if T37 of Rab5a is responsible for stabilizing the cis-Gln, the mutation T37A should abolish or weaken the intrinsic GTP hydrolysis activity.
Our experiments reveal a significant decrease in GTPase activity of the Rab5a-T37A mutant as indicated by the plot of phosphate released against time (Fig. 9B) . The hydrolysis reaction of the above mutant fails to acquire saturation within the time frame of the experiment (Fig. 9B) . The apparent rate constants, k app , clearly illustrate that the GTP hydrolysis activity of the Rab5a-T37A [k app = (6.6 AE 0.08) 9 10 À4 lMÁs À1 ] mutant is decreased by one order of magnitude (Table 4 ). Figure 9C shows that the mutations do not affect GDP binding, when compared with the wild-type protein. These results confirm our hypothesis that T37 indeed stabilizes the cis-Gln in Pf-Rab5a and is responsible for its higher intrinsic GTP hydrolysis rate.
Thus, Rab5a is another example that illustrates how a hydrogen bond-mediated stabilization is a key element orienting the cis-Gln favorably for catalysis, in a manner such that it overcomes the steric clash by the non-glycyl residue at position 12. While this is the case for intrinsic hydrolysis, for GAP-mediated hydrolysis, too, the importance of stabilizing the trans-Gln via a H-bond (like in the case of Rab1b and Rab33) is evident. Several biochemical studies report that prototypical Tre2-Bub2-Cdc16 (TBC)-GAPs (TBC1D3, SGSM3 and RN-TRE) having both IxxDxxR (where D provides the H-bond and R is the arginine finger) and YxQ (where Q is the trans-Gln supplied for catalysis) motifs are capable of enhancing GTPase activity of Rab5a [22] . Another intriguing example is the interaction between Rab5a and p120-GAP [28] . Here p120-GAP works with the GTPase Ras and utilizes the classical mechanism for GTP hydrolysis wherein the GAP only supplies the TSS in trans but not the CR; CR (Gln61) is supplied in cis by Ras itself. In light of the entire analysis presented here, it is not surprising that the GTP hydrolysis of Rab5a is enhanced upon interaction with p120-GAP [28] .
All of these studies lend support to the findings reported here; together they indicate that like Rab1b and Rab33, Rab5a too should be capable of employing a different hydrolysis mechanism depending on the GAP it partners with. Additionally, multiple sequence alignment of Rab members show the existence of Rabs (such as Rab9, Rab21 and Rab28) that have a conserved glycine (but not a serine) at the 12th position (Fig. 10) . The absence of steric constraints in this subset indicates that more than one mechanism may not operate in these. However, in the other Rabs, wherein a serine is present at this position, steric constraints together with variable means to stabilize cis or trans catalytic residues would result in multiple mechanisms for hydrolyzing GTP.
Using experimental and computational methods, we here demonstrate how Rab33 and its GAP can be engineered to utilize an alternative mechanism of GTP hydrolysis that repurposes the cis-Gln residue for catalysis in the absence of trans-Gln. Assuming these mutations as experimentally designed variations, this work depicts how minimal variations could give rise to Rab:RabGAP systems with different catalytic efficiencies (compare k cat of Rab:Gyp1p-WT and active mutants in Table 2 ). Specifically, we find that in addition to spatial incompatibility between the 12th and 61st position, the choice of catalytic mechanism is also decided by stabilizing polar interactions; these two factors seem to work in tandem to fine-tune the hydrolysis rates in GTPases. Hence, 'structural plasticity' seems to describe such variations.
Structural plasticity is a general concept governing the function of many proteins. For example, enzymes catalyzing phosphoryl transfer reactions are known to have backup active site residues for the catalysis of promiscuous reactions [29, 30] . In case of GTPases, structural plasticity is even more critical to ensure versatility in effector binding and consequently the effective activation/inactivation of GTPases. Understandably, such versatility is essential, since these GTPases are involved in diverse biological processes such as intracellular trafficking, transport and targeting to subcellular organelles; perhaps the GAPs that regulate the action of Rab GTPases define the context and thereby ensure a tight regulation of the associated processes. The occurrence of multiple GAP/GEF partners and quite possibly more than one mechanisms for hydrolysis (in view of the present analysis) may be essential to allow a tight spatio-temporal regulation of Rab (in)activation. The existence of 'unconventional' TBC/RabGAPs that do not possess either one or the other or both the dual finger motifs (the IxxDxxR and YxQ motifs) [22] also indicate that multiple GTP hydrolysis mechanisms are a definite possibility, at least in Rab family GTPases.
In principle, this view may be extrapolated to other GTPases too. One can anticipate that structural plasticity would allow for different mechanisms to operate when regulated by different and as yet uncharacterized GAPs. A report supporting this view is a low resolution (3.30 A) transition state analogue structure of Rap1 in complex with the GAP domain of Plexin -a signal transduction membrane receptor [31] . Here, the Switch II of Rap1 undergoes an extensive conformational change upon binding to the GAP domain of Plexin such that the cis-Gln (Q63 Rap1 ) residue participates in catalysis. Previously, Rap1 bound to RapGAP was shown to utilize a trans-Asn supplied by RapGAP, as the catalytic residue [13] . A similar reorientation of Switch II of Rap1 is observed upon interaction with the dual specificity RasGAPs, GAP1 and RASAL. A specific interaction between the helix-a6 of the GAP and Switch II of Rap1 orients the cis-Gln (Q63 Rap1 ) for catalysis [32] . Recent studies, together with this work, augment our understanding of mechanistic variations and the factors governing diversity in GTP hydrolysis mechanisms. Clearly, extensive structural investigations will be required to identify how such plasticity tailors the function of (Rab) GTPases to a given biological context. This work would be of relevance in designing constitutively active mutants of Rab GTPases that primarily regulate various stages of membrane trafficking. One of the most efficient strategies to understand the role of Rab in membrane trafficking is to overexpress its constitutively active form and thereafter observe the phenotypic changes that concomitantly appear at the cellular level [33] . Typically, in such experiments the cis-Gln is mutated as one assumes the classical hydrolysis mechanism would operate; however, depending on context, like those described here, mutation of the trans-Gln may be necessary. In many cases, such a priori assumptions translate to mistakes in experimental design and raise doubts on the validity of the findings. This study provides an understanding of the principles that can guide experimentalists in making mechanism-based decisions for the choice of mutations. . The active site in Rab5a is naturally tailored to employ the cis-Gln. (A) Homology model of Rab5a from Plasmodium falciparum depicting a Ser residue (S15) in the 12th position. Despite this, it is capable of employing its cis-Gln (Q65) for catalysis. A hydrogen bond from a Switch I Thr (T37) stabilizes the cis-Gln in a conformation such that steric clash with S15 at 12th position is prevented. (B) The intrinsic GTP hydrolysis activity of P. falciparum Rab5a-WT, Rab5a-T37A and Rab5a-T37S compared as a function of phosphate released with time. The error bars represents standard deviation (SD) determined from two (n = 2) independent experiments. (C) The ability to bind nucleotide (mant-GDP) has been evaluated in Rab5a-WT, Rab5a-T37A and Rab5a-T37S. Emission spectra of Rab5a-WT (red), Rab5a-T37A (blue) and Rab5a-T37S (green) upon binding GDP are shown.
Materials and methods
Structural analysis
Coordinate files for structural analysis, namely Rab1b: TBC1D20 (4HLQ), Rab1:EspG (4FMC), Rab1b:LepB (4I1O), Rab33:Gyp1p (2G77), Ras-RasGAP (1WQ1) and Rab5a (1N6K), were obtained from Protein Data Bank. The structures were superposed, visually analyzed and rendered for figures using CHIMERA [34] .
Homology modeling
Homology modeling was performed on Plasmodium falciparum Rab5a protein for modelling the GTP-bound form; we used the transition state analogue structure of human Rab5a (PDB: 1N6K) for this step. The choice of P. falciparum Rab5a was purely due to the availability of the clone for experimental validation. Since our study focuses on the general mechanisms employed by Rabs, we assume that the choice of the homolog should have no bearing on the outcomes of our analyses. Sequence alignment of the query and template protein sequences was performed using EMBOSS Water web service from the EMBL-EBI website [35] . Alignment revealed a 45% sequence identity between the human and P. falciparum Rab5a, indicating the suitability of the template for reliable modeling. The alignment was manually checked for removing alignment errors. The alignment and the structure file were subsequently used for modeling using MODELLER9.15 software [36] . This program models the query protein sequence by maximizing the fit to the spatial restraints that are extracted from the template structure. The best model was used for structural analysis. The side chain rotamers were obtained from the Dunbrack rotamer library and refined to obtain an optimal H-bond network.
Site-directed mutagenesis
To generate point mutants of Rab33 and Gyp1p (TBC domain), the wild-type constructs cloned in pET15b (a gift from D. Lambright, University of Massachusetts Medical P-loop Switch-II School) were used as templates. A Megaprimer approach employing appropriate mutant primers was used to generate the point mutations [37] . Cloning into pQE2 vector (Qiagen, New Delhi, India) was performed using restriction sites Nde1 and HindIII (New England Biolabs, Ipswich, MA, USA). Rab5a from Plasmodium falciparum (3CLV) was a gift from C. Arrowsmith, Princess Margaret Cancer Centre and Department of Medical Biophysics, University of Toronto (plasmid no. 51348, Addgene, Cambridge, MA, USA). It was subcloned into pET28a using Nco1 and Xho1 restriction sites. Similar to Rab33, point mutants of Rab5a were generated using the above wild-type construct as template, employing appropriate primers. The mutations were confirmed through sequencing and also restriction enzyme digestion wherever applicable.
Over-expression and purification of proteins 
À1
DNase and RNase for 1 h at 4°C, the cells were clarified by centrifugation at 40 000 g for 1 h and the supernatant was loaded onto a nickel sepharose column (GE Healthcare Life Sciences, Chicago, IL, USA), which was pre-equilibrated with five column volumes of binding buffer (50 mM Tris/HCl 7.5, 300 mM NaCl, 3 mM DTT). After loading the sample, the column was washed with five column volumes of binding buffer. The protein was eluted using a linear gradient of imidazole (20-500 mM) in elution buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 3 mM DTT). For Rab33 and Rab5a the eluted protein was subjected to overnight dialysis in 50 mM Tris/HCl pH 7.5, 350 mM NaCl and 10 mM EDTA to ensure removal of bound nucleotide (GDP) if any [38] . Finally, gel filtration chromatography was carried out using Superdex-200 with 50 mM Tris/HCl pH 7.5, 150 mM NaCl and 3 mM DTT. The concentration of proteins was estimated using the BCA assay (Sigma). Concentrated protein was aliquoted, flash frozen in liquid nitrogen and stored at À80°C until required.
Monitoring intrinsic GTPase activity
The intrinsic GTPase activity was monitored under the single-turnover condition adapting a strategy similar to Chandra et al. [38] with certain modifications. Briefly, 400 lM of the respective proteins, Rab33, Rab5a wild-type (Rab33-WT and Rab5a-WT) and mutants (Rab33-S42G, Rab33-Q92A, Rab5a-T37A and Rab5a-T37S) were incubated with 4 mM GTP and [c-32 P]GTP (10 lCiÁlL
À1
) in a buffer containing 25 mM HEPES pH 7.3, 200 mM NaCl, 10 mM EDTA and 3 mM DTT (buffer A). The reaction was incubated for 90 min at 25°C. To remove the free nucleotides (unbound), the reaction mixture was loaded onto a desalting column (NAP-5, GE Healthcare Life Sciences) equilibrated with buffer A. The protein-GTP complex was then eluted in 200 lL of buffer A and stored on ice.
For the intrinsic GTPase activity assay, 20 lM of the nucleotide-bound proteins (in buffer A) was used and the hydrolysis reaction initiated with 20 mM MgCl 2 at 37°C; 10 lL aliquots were removed from the reaction mixture at the indicated time points and added to 990 lL of 5% charcoal slurry prepared in 50 mM NaH 2 PO 4 . The mixture was centrifuged, and 500 lL of the supernatant was added to scintillation fluid and quantified in a scintillation counter. The counts obtained were used to calculate the amount of phosphate released (in picomoles) and plotted against time.
The plotted values and the error bars represents mean and standard deviation of two independent experiments. The data were used to obtain the reaction rate constant (k). The GTPase activity plots of Rab5a-WT, Rab5a-T37S and Rab33-S42G fitted a first-order decay curve and the rate constant were derived as:
where Y 0 is the product formed at time 0, Plateau is the product formed when the reaction acquires saturation and K is the first-order rate constant.
The phosphate released vs time plots of Rab33-WT, Rab33-Q92A and Rab5a-T37A in the time frame of the experiment exhibited a linear behavior. Therefore, a zeroorder rate constant was derived as the slope of the linear fit. Further, we calculate the apparent rate constant, k app , to compare the GTP hydrolysis activities. k app was calculated as the slope of the linear fit, until 90 min of the experiment.
Single-turnover kinetics of GAP-mediated GTPase activity
The GAP-mediated GTPase activity was also monitored under the single-turnover condition. The Rab33 wild-type (Rab33-WT) and mutant proteins (Rab33-S42G and Rab33-Q92A) were loaded with GTP as explained previously. The GAP concentration (Gyp1p-WT, Gyp1p-Q378A, Gyp1p-Q378AD340A) for kinetic study was optimized. Precisely, the Gyp1p concentration was varied at a constant concentration of Rab33 wild-type or mutants (100 lM) and the reaction incubated at 37°C for 30 min. The reaction was terminated and counts obtained as discussed previously. The Gyp1p concentration at which 30% of maximal hydrolysis activity occurred was selected for kinetic studies.
For obtaining the kinetic parameters, the GTP-loaded Rab33 was varied at a constant concentration of Gyp1p. The reaction was incubated at 37°C for 30 min, then terminated and the amount of phosphate released detected as explained before. Further, it was corrected for phosphate released due to intrinsic GTP hydrolysis. The data were used for non-linear regression analysis employing PRISM software (GraphPad Software, La Jolla, CA, USA) to obtain the K m and k cat values. The plotted values and the error bars represents mean and standard deviation of two independent experiments.
For the Malachite Green assay, Rab33-WT and Rab33-S42G were loaded with GTP and the free nucleotides removed using a desalting column (NAP-5, GE Healthcare). One hundred micromolar Rab33-WT/Rab33-S42G protein was incubated with varying concentrations of Gyp1p-WT/Gyp1p-Q378A. The hydrolysis reaction was initiated by adding 5 mM MgCl 2 (final concentration) and incubated at 37°C for 30 min. The amount of phosphate released was determined using the Malachite Green assay kit (POMG-25H, BioAssay Systems, Hayward, CA, USA) following the manufacturer's instructions. The standard error was calculated from three independent experiments.
Nucleotide binding assays
Nucleotide binding experiments were performed with nucleotide analogs carrying the N-methyl-3 0 -O-anthraniloyl (mant) fluorophore (Jena Biosciences, Jena, Germany). The experiments were carried out in 150 lL reaction mixture in a buffer containing 50 mM Tris/HCl pH 7, 150 mM NaCl, 1 mM MgCl 2 and 3 mM DTT with 5 lM of protein and 100 nm of mant-GDP. After 10 min incubation at 37°C, the fluorescent nucleotides were excited at 355 nm and the emission (at 448 nm) was monitored between 400 and 600 nm using a spectrofluorimeter (Perkin Elmer, Waltham, MA, USA). The slit widths for both excitation and emission for mant-GDP were kept at 10 nm.
Molecular dynamics simulations
Molecular dynamics simulations were performed using the GROMACS 4.5.6 suite [39] . The missing amino acid coordinates were built into the structures using the software MOD-ELLER9.11 [36] . Various mutants were generated in silico using software MAESTRO from the SCHRODINGER suite [40] . The transition state analogues were replaced by a GTP molecule and Mg 2+ ion in all structures using CHIMERA [34] .
The active site coordinates that include GTP, serine, threonine, a magnesium ion and two water molecules was used for charge calculation in the case of Rab1b:LepB to take into account the high polarization effects of the magnesium ion on the charge distribution. Similarly, for the Rab33: Gyp1p system, active site coordinates that include GTP, two threonine residues, a magnesium ion and two coordinating water molecules were used for charge calculation. The serine and threonine residues were capped at the terminals by adding acetyl group at N terminal and N-methyl amino group at C-terminal moieties. The geometry optimization was carried out with the GAUSSIAN09 package [41] employing the Hartree-Fock method using the 6-31 + G** basis set. Charges were calculated by restricted electrostatic potential charge fitting method using the RED server [42] [43] [44] . Amber parameters for GTP were derived and implemented for GROMACS using the ANTECHAMBER and ACPYPE programs [45, 46] . The structures were solvated using TIP3P [47] water molecules within a periodic cubic box. Na + and Cl À counterions were added to neutralize the system and make up the salt concentration to 0.12 M. Subsequently, energy minimization was carried out on all models by using the steepest descent algorithm with a tolerance value of 1000 kJÁmol À1 Ánm
À1
. The particle mesh Ewald [48] method was implemented for treatment of long range interactions with a twin-range cutoff of 1.0 nm. Equilibration of all systems was conducted to relax the water molecules around the restrained protein structure by a 100 ps simulation with restraining force of 1000 kJÁmol À1 Ánm À2 . For temperature coupling, the velocity rescaling method [49] was used to gradually increase the temperature to 300 K. All atoms were given an initial velocity obtained from a Maxwellian distribution at the desired initial temperature. This was followed by a 150 ps equilibration with temperature and pressure coupling (NPT) with relaxed side chain. Subsequently, a final 150 ps NPT ensemble equilibration with fully relaxed structure was carried out. Final NPT ensemble production simulation was conducted for 4.5 ns (Rab1b:LepB systems) and 5 ns (Rab33:Gyp1p systems). The simulations were kept short as the intention was only to study the dynamics and stability of the hydrogen bonds that break and reform in the order of picoseconds. Temperature and pressure were maintained at 300 K and 1 bar, respectively. The stochastic velocity rescaling method [49] was used for temperature coupling using 0.1 ps relaxation time. The pressure coupling was maintained by using Parinello-Rahman method [50] with a compressibility of 4.5 9 10 À5 bar À1 . A time step of 2 fs was employed using the leap-frog integrator [51] . The length of all covalent bonds were constrained by the parallel linear constraint solver (P-LINCS) algorithm [52] . All images were created and rendered by CHIMERA [34] and trajectories were analyzed by VMD [53] software. The graphs were prepared by XMGRACE software [54] . 
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